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ABSTRACT 


In  o^er  to  c^rrert  residual  strains  seasui^  by  x-ra^  diffractim 
techni(|ue8  into  residual  slUresses,  appreciate  x~r^  elAitic  ccuistants 
have  to  be  E^asured*  Since  tiiese  x-ray  elastic  constants  nay  depend  ^ 
lEetallurglcai  state,  deformation,  and  entire  specinen  history, 
errors  in  stress  values  nay  result  if  the  constants  are  not  measured 
for  repx^eentative  material  states.  In  the  present  work,  it  is  shown 
that  in  soe»  cases  these  errors  moy  be  laz^. 

The  x-iey  elastic  constant,  S2/2  » (l  + v)^,  has  been  B»asured 
for  the  231.  Cr^  reflectim  from  an  Amco  iron  sample  >diich  had  been 
previously  deformed  by  rolling  (69^pct*  i^dtKstion  in  thickness'  and  for 
the  211  Ci^  and  310  CoK  reflectiras  from  a 1045  steel  specln  ^ ^i<di 
had  been  previously  eloc^ted  in  tension.  The  measured  elastic  constant 
for  -Uie  Ari^o  iron  speciann  was  4o  pet.  lower  than  the  -^^lue  calculated 
fxm  ttil  aWfige  of  the  Bettis  Ittd  Voigt  valttes.  ' 


BPERCDOCTIOH 

Si  orter  to  relate  strains  measured  by  x-ray  diffractiai  techniques 
to  a stress  Value,  one  must  have  appropriate  values  for  the  elastic 
constantsi  As  has  been  pointed  ^ many  ti^s  in  the  liteyattire,  the 
elastic  emstants  deteimined  by  i^t^anical  may  not  be  applicable 

because  ot  features  inhere^  In  the  x-r^  mssurement  (1-3).  Bie  x-ray 
techni^  is  inherently  sel^tive  in  thkt  the  strain  deduced  ftroa  idle 
chan^  in  popitiai  of  an>  diffi^ctitti  peah  represents  an  aimra^ 
vali%  in  a given  cz^stalio^apMc  tw  taily  thwe  gty  ,wq  in 

the  polyc^stalline  a^r^fe  iai(*  .a^  C to  ccattribute  to  the 

pe^iculto  x^ray  reftectiw*  Ttewfore^  Urn  effeetiire  v^ws  of  B 
(Young*  8 ^^^us)  and  v (^iss*,*  tt  r^tio)  In  ^ese  orientatlws  may 
differ  trm  the  o\mrall  av^a^  d^tatira,  ttie  latter  be^  Cosured 
in  a ^Aanical  test. 


This  work  was  sup^or^  hy  tte  Office  of  Haval  Researsai  mO.  ttie  U.  S. 
Energy  Besea^  waA  De^iop^nt  AdMnist^tion. 


The  x-rsy  elastic  constsats  my  he  obtained  theoretically  or 
experimentally.  A rigorcos  theoretical  calculation  of  the  x-rsy  elastic 
ccaastants  requires  a complete  theoretical  solution  of  the  influence  of 
elastic  anisotropy  and  grain  interactions  on  x-ray  strain  n^asures^nts . 
Because  such  a solution  has  not  yet  been  achieved,  various  assunq>tio.ns 
of  the  nature  of  the  coupling  of  the  crystallites  have  been  used.  The 
most  common  are  those  of  Voigt  (U),  vhich  assumes  equal  strains  in  all 
crystallites,  Reuss  (5),  vhich  assumes  equal  stresses  in  all  crystallites 
end  Kroner’s  (6,7)  "coupled  crystallites"  model.  A cesmoa  procedure 
used  by  a nunher  of  worlcers  in  this  field  is  to  take  the  arithmetic 
average  of  the  Reuss  and  Voigt  values  calculated  for  a material  with 
raiidom  crystallite  orientation.  X-ray  elastic  constants  have  also  been 
calculated  by  using  one  or  more  of  the  ebove  assumptions  and  considering 
the  effects  of  nonrandom  crystal  orientation  (8,9)  and  the  effects  of 
more  than  one  phase  (10,11), 

The  x-ray  elastic  constants  calculated  by  any  of  the  methods 
described  above  do  not  always  agree  with  the  experinentally  determined 
values.  The  magnitude  of  the  disagreement  depends  on  the  state  of  the 
materials  and  there  is  evidence  that  "constant”  x-ray  elastic  constants 
may  not  exist.  They  may  depend  on  composition  and  second  phase 
components  (2,12),  grain  size  (3),  microstructure  (3),  deformation  (13- 
15),  and  heat  treatment  (l6).  The  magnitude  of  these  effects  depends 
on  the  hkl  reflection  being  considered. 

The  purpose  of  this  paper  is  to  report  experimentally  determined 
x-ray  elastic  constants  which  differ  substantially  frean  calculated 
values,  to  discuss  their  imnnrt.nnrej  and  +o  discuss  possible  reaconc 
for  the  large  disagreen^nts  between  calculated  and  measured  values. 


EXiERIMBHTAL  PROCEDURE 


.Specimen  Preparation  and  Deformation 

The  materials  enq>loyed  in  this  study  were  Armco  iron  and  1045 
steel,  A 0.89  mm  (.035  in)  thick  flat  tensile  specimen  of  1045  steel 
(designated  1045-5)  and  a O.89  mm  (.035  iu)  thick  block  of  Armco  iron 
(designated  Armco-9)  were  prepared  in  the  manner  outlined  in  (l?). 

The  final  samples  (before  deformation)  were  in  the  annealed,  furnace- 
cooled  condition  with  dimensions  also  given  in  (17).  The  final 
annealing  was  done  in  a vacu\nn  which  was  at  worst  1.3  mPa  (10'’5  toir). 
Electropolishing  was  then  performed  in  a phosphoric-sulfuric  acid  bath 
(18).  Semple  1045-5  was  subsequently  elongated  on  an  Ihstron  tensile 
machine  it  a strain  rate  of  w 2.7  x 10“  7 sec  to  a true  strain  of  13  pet. 
It  was  deformed  to  the  iiltimate  load  with  a true  stress  preceding 
unloading  of  7C6.?  (1^,496  psi).  Sample  Armco-9  was  subsequently 

reduced  in  •Uiickness  69  pet.  (final  thickness  = ,267  inm  (0.0105  in))  by 
rolling  on  a two-high  mill  driven  at  31  rum  (roll  diaa^ter  = 133.4  ima 
(5.25  iu)).  Bis  reduction  in  thickness  was  0.1  nan  (0.004  in)  i«r  pass 
and  the  saiiple  was  reversed  end  for  end  after  each  pass.  After  ttie 
rolling  defoimation,  a tensile  specinffin  with  the  sam  dimensions  as 
1045-5  vas  carefully  mjwhined  with  excess  coolant. 


These  materials  and  deformation  history  were  chosen  because  a 
jarevious  study  (l?)  showed  the  rolled  Aimco  iron  to  possess  large  oscil- 
lations in  dx  vs.  sin^i^  and  d are  defined  in  the  next  section)  and 
the  tensile  deformed  1045  steel  did  not.  Therefore,  these  two  specimens 
diould  provide  information  on  the  usef'ilness  of  the  calculated  x-ray 
elastic  constants  for  samples  which  do  or  do  not  satisfy  the  classical 


linear 


d^  vs. 
? 


sin'^^  requirement. 


Measurement  of  X-Ray  Elastic  Constants 

The  basic  relation  for  x-ray  stress  analysis  written  for  a 
uniaxial  stress  state,  (surface  stress  = a),  is  (2): 


2 2 

.e^  = a sin  ^ + S 


, a = 


(1) 


where  ^ is  the  angle  frcaa  the  sample  normal  in  the  plane  defined  by  the 
sample  normal  and  the  direction  of  the  stress  (it  is  the  angle  of  tilt 
of  the  specimen  away  from  the  usual  diffraction  position  for  which  the 
incident  and  diffracted  beam  make  equal  angles  with  the  sample  surface), 
is  the  strain  in  the  direction  defined  by  d.  is  the  lattice 
spacing  in  the  direction  defined  by  f , d^  is  the  lattice  spacing  in 
the  unstressed  state  and  and  Sg/2  are  elastic  constants  given  by: 
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(2) 


To  measxire  the  x-ray  elastic  constants,  a uniaxial  tensile  test 
has  to  be  perforaKd  within  the  elastic  range  (on  the  diffractometer). 
From  measurements  of  d*  vs.  sin^^  in  the  plane  given  by  the  sample 
normal  and  the  applied ''load  with  diffei-ent  known  values  of  the  applied 


tensile  stress  c 
a function  of  a 


= a 


app^ 


one  obtains  m*  (given  by  Eq.  (3))  and 
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Applying  these  values  in  the  partial  differentiation  of  Eq,  (3)  aai  Eq. 
(1)  written  for  - 0^  one  obtains  the  x-r^  elastic  constants  as: 
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(5) 


^mlue  of  d_  has  been  chosen  equal  to  d^  . in  this  work. 


All  of  the  x-ray  measurements  ve^’e  made  with  a Picker  diffractometer 
equipped  with  filtered  radiation,  a scintillation  detector  and  a pulse- 
heiglit  analyzer  set  for  ^0%  eccei'-.ncd  of  the  peak.  The  peak 
position  at  a ^ value  other  than  . v?*  measured  by  the  parafocus 

netl:od  (l8)  in  which  the  receiving  slit  is  moved  into  the  calculated 
focal  point.  A fixed  vertical  slit  at  the  stationary  counter  assured 
that  the  same  range  of  orientations  was  examined  at  each  position. 

The  <u  notion  on  the  diffractometer  was  employed  for  the  ^ rotation. 

The  method  of  positioning  the  sample  to  within  ± .025  mm  (±  .001")  of 
the  center  of  the  goniometer  is  described  in  ( 17-19)  • The  pea2<  position 
vas  determined  to  within  ± .005®  20  by  performing  a least  squares  fit 
to  a' parabola  for  10-20  data  points  with  intensity  greater  than  85  pet. 
of  the  maximum  intensity  (for  each  data  point  the  time  necessary  to 
accumulate  100,000  cotiats  was  measured). 


Deformation  on  the  X-P.ay  Unit 

A small  tensile  unit  for  use  on  the  diffractometer  was  constructed 
and  is  sho»«i  in  Figure  1.  It  can  apply  a uniaxial  load  on  a tensile 
speciiaen  but  the  magj.itude  of  the  load  had  to  be  determined  in  some 
other  vay.  This  was  done  as  follovrs;  A strain  gage  was  applied  to  the 
back  of  the  tensile  bar  on  v;hich  the  measurements  were  to  be  made.  As 
the  specimen  was  stressed,  a value  of  strain  could  be  recorded.  The 


I 


Fig.  1.  Tensile  device  for  the  x-ray  diffractometer.  (Shown  in  the 
vertical  position — the  results  presented  in  this  study  were  obtained 
with  tlie  load  applying  part  rotated  90®  about  the  normal  to  the  specimen 
stirface . ) 
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Fig.  2.  The  dependence  of  d (or  d^  on  for  various  applied  loads 

for  specijiien  Armco-9  previously  reauced  69  pet.  by  rolling;  211  peak 

vith  Cr]^;  curve  Uirou^  experimental  points; represents 

slope  obtained  with  the  Meirion-Cohen  method  described  in  Ref.  (17). 

°&vr>  = ^axjp  = psi);  c)  o = 99-8  MPa  (l4,U7o 

psi);^a)  oapp  = 191.8  MPa  (27,810  psi);  e)  a^pp  = 269.3  MiPa  (39,048  psi); 

f)  = 375.7  MPa  (54,476  psi). 
app 


load  corresponding  to  this  strain  was  determined  by  taking  the  same 
sample,  strain  gage  and  grips  and  loading  it  on  an  Instron  testing 
machine  until  that  value  of  strain  was  reached.  The  track  in  which  the 
grips  slide  has  been  precisely  machined  to  eliminate  bending.  The 
maximum  bending  strain  was  measured  to  be  25  pm/m.  The  gearing  at 
the  end  of  the  unit  makes  it  possible  to  apply  the  load  very  easily 
without  deflecting  the  unit.  The  tensile  unit  is  mounted  so  that  the 
load  applying  rig  can  be  rotated  about  the  normal  to  the  specimen 
siirface.  At  the  base  of  the  support  is  a micrometer  adjustment  to 
allow  for  accurate  specimen  positioning. 


RESUITS 

2 

The  dependence  of  d^_  on  sin  ^ for  the  211  Crl^  reflection  from 
sample  Annco-9  is  given  as  a function  of  applied  load  in  Figures  2:  -2f . 
A complete  diseussion  of  the  oscillations  in  d*vs.  sin^^  is  given  in 
Ref.  (17),  where  a method  is  presented  for  obtaining  the  true  slope  (or 


m*),  independent  of  the  oscillations.  This  aetbod  was  used  to  subtract 
out  the  effects  of  the  deviations  from  linearity  and  obtain  the  slopes 
represented  by  the  dashed  lines  in  the  figure.  The  resulting  values  of 
m*  can  then  be  plotted  vs.  o-_p  as  is  shown  in  Figure  3*  All  of  the 
points  lie  on  a good  straight-line  except  for  the  last  point.  At  this 
load  the  san5>le  was  apparently  no  longer  behaving  in  an  elastic  manner — 
that  is,  it  was  microscopically  plastic  even  though  it  was  still  below 
the  macroscopic  yield  stress  of  703.9  MPa  (102,095  psi).  This  isgsub- 
stantiated  by  the  observation  that  the  oscillations  in  d*  vs.  sin  if 
reversed.  Therefore,  this  point  was  not  included  in  the\-ray  elastic 
ccxxstant  determinati<m.  A least-squares  line  was  passed  thro\2gh  the 
first  five  points  to  obtain  the  value  of  given  in  Table  !<.  The 
standaird  deviation  given  is  the  standard  deviation  of  the  slope  obtained 
from  the  fit.  The  ” texture- indeiiendent  directions'*  approach  of  Kauk 
et.  al.  (20)  to  obtain  m*  was  tried  with  this  data.  This  s^thod  was 
c<Hisidered  inadequate  because  it  resulted  in  a nonlinear  dependence  of 
m*  on  Oapp  and  Sp/S  determined  from  a best  fit  straight  line  was 
excessively  large. 

A value  of  the  other  elastic  constant,  cannot  be  obtained 
from  this  data  because  only  the  slope  of  the  straight  line  (m*)  can  be 
obtained  frcan  the  techniques  described  in  (17)  and  not  its  intercept. 
Therefore,  since  d^^o  be  obtedned  as  a function  of  applied  load, 

cannot  be  determined  from  Eq.  (5).  This  is  not  a severe  limitation, 
however,  because  So/2  is  the  only  elastic  constant  needed  in  the  ccanmonly 
used  "sin^i^-method”. 

2 

The  «»vT>f»TitTM;ntai  results  for  d.  vs.  sin  ^ for  ccmplc  10h5-5  arc 
given  in  Figures  k and  5 for  the  Crl^  and  the  310  CoJL  reflections, 
respectively.  Since  this  sas^le  had  little  at  no  oscillati<xis  in  d^  vs. 
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0 100  200  300 


Fig.  3.  m*  applied  load  (oapp)  specia^n  Armcor9  pteviously 
reduced  69  pet.  by  rolling;  211  peak  with  CrK  . — ~ least-sqpiaras 
line  through  the  first  five  points.  * 


Table  1.  X-hay  Elastic  Cosstants 


£xpcri:3tr.tiill7  Ceter:Unel* 

Theoretic*! 

N 

hU 

t'nits 

ASJCC-&,  .trevicusly 
aeduc«=  69  pcp.  by 
Polling 

1045-5,  Previously 
Elcngxte-j  vc  k True 
Strkin  cf  13  pet. 

Beust 

Vsift 

Average 
of  Reuss 
ens  VtiA 

211 

10“® 

349.5  10.2) 

506,1  IC.O) 

593.1 

567.0 

560.0 

^2 

10*®  p*i'^ 

2.41  .07) 

3.49  (:  .11) 

4.09 

3.9! 

4.00 

2 

310 

10*®  HP«*^ 

723.6  (r  23.2) 

904.6 

567.0 

736.6 

10*®  psi*^ 

4.99  (:  .16) 

6.24 

3.91 

5.06 

2U 

10*®  K?»'* 

-103.0  (:  7.3) 

-117.5 

-106.6 

-113.1 

10*®  psJ*^ 

-0.71  {:  .05) 

-0.61 

-0.75 

-0.76 

10*®  :<?a*^ 

-158.1  (;  10.2) 

-221.9 

-loe.e 

-165.3 

10*®  psi*^ 

-1.09  {;  ,07) 

-1.53 

-C.75 

-1.14 

Xtc^rs  in  parenthesis  are  standars  ceviatioi. 


sin  iff  it  wasn’t  necessary  to  obtain  at  as  many  t values  as  done 
previously.  Even  though  the  deviations  from  linearity  were  small  in  this 
sample,  the  Marion-Cohen  method  described  In  (17)  was  used  to  obtain  m* 
because  more  accurate  values  could  be  obtained.  A plot  of  m*  vo.  ?app 
is  given  in  Figure  6 for  both  211  and  310  reflections.  The  lines  drawn 
on  the  figure  are  a least-squares  fit  and  from  the  slope  of  these  lines 


the  values  given  in  Table  I were  obtained  for  the  elastic  constant  Sg/2. 


Since  the  deviations  from  linearity  were  not  large  in  this  sample, 
the  other  elastic  constant,  S^,  could  be  determined  because  the  position- 
ing of  the  strai^t  line  and  the  determination  of  the  intercept  (d^_) 
could  be  done  relatively  accurately.  A plot  of  d^^  vs,  is  given 

in  Figvire  7 and  it  can  be  seen  that  deviations  fr&  a straight  line  are 
quite  small.  A least-squares  fit  was  performed  and  the  x-ray  elastic 
constant,  S, , given  in  Table  I was  obtained  from  the  slope  of  this  line 
(see  Eq.  (57). 


I I 


DISCUSSION  AND  CONCLIBIONS 

The  difference  between  the  measured  and  the  theoretical,  x-ray 
elastic  constants  can  be  seen  in  Table  I.  Since  -Uie  most  commonly 
used  theoretical  x-ray  elastic  constants  are  the  avera^  of  the  Reuss 
and  Voigt  values,  they  will  be  used  in  this  discussion.  The  measured 
x-ray  elastic  constant,  S2/2,  for  the  211  reflection  from  the  heavily 
rolled  Armco  iron  sample  is  40  pet.  lower  than  the  average  of  the  Reuss 
and  Voigt  values.  The  measured  constants  for  the  tensile  deformed  IOU5 
steel  are  closer  to  the  calculated  values;  ’ The  experimental  S2/2  value 
for  the  211  reflection  does  not  lie  within  the  Reuss  and  Voigt  limits 
end  is  13  pet.  lower  them  the  average  of  the  two  values;  the  value  for 
the  310  reflection  is  only  2 pet.  lower  tiian  the  average  calculated 


I 


Fits.  H.  r««  uepeadence  of  d (or  d^)  on  sin  ^ for  various  applied  loads 
for  specin^n  l<^5-5  previously  elevated  to  a true  strain  of  13  pet.; 

211  peak  with  Crl^;  the  strai^t  lines  represent  the  slope  obtained  with 
the  Marion-Cohen  method  described  in  Ref.  (17). 


• a™  = 0 (0-»  Ref.  (17)) 

app 

□ = 65.5  MPa  (9500  psi) 

0 a = 137.9  MPa  (20,000  psi) 

^Jrir 

A o = 211.0  MPa  (30,600  psi) 

app 


value  and  if  the  standard  deviation  is  considered,  there  is  no  difference. 
!The  experimental  results  for  the  other  x-ray  elastic  constant,  S, > behave 
in  a maimer  similar  to 

The  4o  pet.  difference  between  the  calculated  and  experimental 
value  of  S2/2  for  the  rolled  Armco  iron  satqsle  may  seem  large  but  a 
nvffliber  of  large  changes  in  the  experimentally  determined  elastic 
constants  have  been  reported  in  the  literature.  S.  Taira  et.  eLl.  (13) 
have  reported  a decrease  in  S2/2  with  increasing  plastic  defomation  in 
Iron  with  0.01  pot.  carbon.  At  a plastic  strain  of  20  pot.,  Sg/2  for 
the  211  reflection  haul  decreased  by  36  pet.  frm.  its  annealed  value. 
Prummer  and  Macherauch  (l4)  found  a 27  pet.  decrease  in  S2/2  (for  Uxb 
211  reflection)  with  deformation  for  a uniaxially  deformed  saaqile  of 
0,86  pet.  C steel.  Esquivel  (l5)'heis  reported  a 30-45  pet.  decrease 


SIN  i' 


2 

Fig.  5»  The  dependence  of  d (or  d^)  cn  sin  ^ for  various  applied 
for  specimen  1045-5  previously  elevated  to  e true  strain  of  13  pct.i 
peak  with  CoK^;  the  various  strai^t  lines  retEresont  the  slope  obtains 
froen  the  Marion-Cchen  Esthod  described  in  Ref.  (1?). 

• p =0  ( Sef.  (17)) 


spp.  • 

□ _ 50^3  (8,600  psi) 

0 a 528.3  «Ba  (iS,6a>  psi) 

A ^ o = 2Ca.4  (20,200  psi) 

app 


in  'Qie  elastic  censtants  i^asursd  after  pisstla  tleforsatica 

for  several  hardened  steels. 

The  rolled  Anaco  iron  beapie  used  in  liis  s1»dy  was  liigfaly  -tex- 
tured and  probably  had  a hi^ly  defextsad  sinrobtr.B:-terb,  Therefore,  it 
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Pig.  6.  mi*  vs.  applied  load  (o^pp)  for  specimen  1C45-5  previously 
elongated  to  a true  strain  of  13*^^t. 


O 211  peak  vith  CrK 

a 

Q 310  peak  with  CoK 

vl> 


is  quite  likely  that  the  x-ray  elastic  constants  will  decrease  substan- 
tially from  their  annealed  value  because  only  certain  regions  (the 
coherently  diffracting  subgrain  interior  regions)  contribute  to  the 
peak  and  they  may  be  straining  in  a different  manner  than  in  the 
annealed  state.  (For  a more  complete  discussion  see  Ref.  (17).) 
Macherauch  and  Muller  (21)  have  determined  Sg/S  for  the  211  reflection 
frcm  Armco  iron  -vdiich  had  been  reduced  75  pet.  by  cold  rolling  and 
subsequently  annealed  for  k hours  at  500 °C . They  obtained 
S2/2  = 59^.5  X lO-o  MPa“l  (4.10  X 10-8  in^/lb).  If  one  assumes  that 
the  values  are  suitable  for  comparison  (similar  g'^ain  size,  etc.),  it 
can  be  seen  that  the  substructure  has  probably  played  a large  role  in 
the  decrease  observed  in  the  resxilts  reported  here.  Additional  support 
for  uhe  importance  of  the  microstructural  state  is  given  by  Fuks  and 
Belozerov  (22).  They  elastically  loaded  15-20  ijm  thick  condensed  nickel 
films  cn  the  diffractometer  and  observed  that  as  the  size  of  the 
coherently  diffracting  regions  ing-reased,  Sg/S  decreased  from 
938. S X 10"8  MPa“^  to  591»8  x lO”®  for  the  400  reflection  and 

remained  essentially  ctaistant  for  the  222  reflection.  They  also  found 
that  the  anisotropy  decreased  as  the  size  of  the  substructural  elements 
increased. 

The  measured  elastic  constants  for  tiije  tensile  deformed  1045  steel 
are  siiiilar  to  those  reported  in  the  literature  (2).  The  reason  that 


Fi^.  7.  vs.  applied  load  (o^pp)  i’or  specie^  l(A5-5  previously 

elongated  to^a  true  strain  of  13  pcu. 

Q — gn  peak  with  CrK^ 

□ 310  neak  with  CoK 

ft 


Sp/2  for  the  211  reflection  is  farther  helow  the  average  of  the  Beuss 
and  Voigt  values  th«n  the  3IO  value  is  probably  because  the  211  directiem 
is  a "softer"  direction  than  the  3IO  directicsi  end  is  affected  sm'e  by 
deformation.  This  is  substantiated  by  the  axrsrissntal  chservation  that 
T^slduai  strains  meas\ured  vilh  the  310  reflection  are  always  hi^r  than 
those  measured  with  Ihe  211  reflection  (2,17). 

Based  cn  the  results  presented  here,  it  is  dbvicus  that  if  cme  is 
measuring  residual  stresses  .mich  originate  with  defonaation,  care  should 
be  taken  to  use  appropriate  x-ray  elastic  constants.  As  s^ntiooed 
prwiously,  additional  results  in  the  Literature  demcsistrate  large 
potential  errors  due  to  other  causes  (Primmer  (16)  has  reported  a 
25-53  pet.  difference  between  the  ext^rimenteliy  E^ssured  x-rsy  elastic 
o<sistsnts  for  the  231  reflection  of  hardened  and  annealed  steels  of  the 
same  ccsspositica;  and,  in  plain  carbem  steels  Sp/2  fOT  tte  211  reflection 
increases  30  pet.  as  the  carbon  increases  frss  5,03  ±wt,  C to  1,0  pet. 

C (2),)  All  this  experimental  evidence  demcxistrates  tte  necessity  of 
having  the  experir^ntal  x-ray  elastic  ccsistants  for  a specimen  ex^tly 
Ike  same  (same  cesaposition,  grain  size,  heat  treatment,  deformation 
history)  as  the  materiel  being  studied.  To  date,  theoretical  calcula- 
tioos  have  not  been  able  to  explain  Ikese  exMrij^ntal  resiilts  and  are 
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